Streptococcus pneumoniae (the pneumococcus) is capable of invading the heart. Herein we observed that pneumococcal invasion of the myocardium occurred soon after development of bacteremia and was continuous thereafter. Using immunofluorescence microscopy (IFM), we observed that S. pneumoniae replication within the heart preceded visual signs of tissue damage in cardiac tissue sections stained with hematoxylin and eosin. Different S. pneumoniae strains caused distinct cardiac pathologies: strain TIGR4, a serotype 4 isolate, caused discrete pneumococcus-filled microscopic lesions (microlesions), whereas strain D39, a serotype 2 isolate, was, in most instances, detectable only using IFM and was associated with foci of cardiomyocyte hydropic degeneration and immune cell infiltration. Both strains efficiently invaded the myocardium, but cardiac damage was entirely dependent on the pore-forming toxin pneumolysin only for D39. Early microlesions caused by TIGR4 and microlesions formed by a TIGR4 pneumolysin-deficient mutant were infiltrated with CD11b
C
ommunity-acquired pneumonia (CAP) is responsible for almost 3.5 million deaths worldwide annually and is one of the most frequent causes of death from an infectious agent around the globe (1) (2) (3) . Up to one in four adults hospitalized for CAP experience an adverse cardiac event that includes heart failure, arrhythmia, and myocardial infarction (4, 5) . These adverse cardiac events predominantly take place during hospitalization, but they also occur at an increased incidence for at least 5 years after hospitalization for CAP, presumably due to lasting cardiac injury (6, 7) . Streptococcus pneumoniae (the pneumococcus) is the leading cause of CAP, and 19.4% of adults hospitalized for pneumococcal pneumonia in a Veterans Affairs Hospital in Houston, TX, experienced an adverse cardiac event; those that did had a 30-day mortality rate 3.9 times higher than the rate for those with pneumococcal pneumonia alone (8) . It remains unclear which pneumococcal virulence mechanisms directly or indirectly impact the heart and how these impacts on the heart lead to the development of an adverse cardiac event (9, 10) .
We have recently reported that S. pneumoniae forms discrete pneumococcus-filled microscopic lesions (i.e., microlesions) in the heart during invasive pneumococcal disease (IPD) (11) . The development of cardiac microlesions was concomitant with aberrant cardiac function in experimentally challenged mice, and former microlesions became focal points of cardiac scarring in animals rescued by antimicrobial treatment. Importantly, pneumococci within cardiac microlesions were shown to produce pneumolysin, a cholesterol-dependent pore-forming toxin (12) which kills cardiomyocytes in vitro and has since been shown, along with the bacterial cell wall, to disrupt cardiomyocyte contractility (13, 14) . Thus, bacterial entry into the heart and the cardiomyocyte damage caused by pneumolysin are potential explanations for the adverse cardiac events associated with severe CAP.
More recently, Alhamdi and colleagues published a report in which they concluded that circulating pneumolysin in the bloodstream alone was responsible for the cardiac injury that takes place during IPD (14) . In contrast to the findings described in our own report (11) , Alhamdi et al. failed to detect pneumococci within infected hearts and therefore concluded that myocardial invasion did not occur. One key distinction between the studies was the use of different bacterial strains. We predominantly used TIGR4, a serotype 4 isolate (15), whereas Alhamdi et al. (14) used D39, a serotype 2 isolate (16) . Knowledge of whether or not S. pneumoniae invades the heart during IPD has important implications. For example, cardiac scarring at sites of microbial invasion is a potential explanation for the increased incidence of adverse cardiac events that occur during convalescence (6, 11) . Also, proof of bacterial invasion would indicate that other cytotoxic compounds produced by S. pneumoniae, such as hydrogen peroxide (17) , would have direct access to cardiomyocytes. As such, this knowledge directly impacts any potential intervention strategy.
Necroptosis is programmed necrosis. Necroptosis is regulated by receptor-interacting protein 1 kinase (RIP1) and receptor-interacting protein kinase 3 (RIP3) and involves the purposeful disruption of the cell membrane's integrity by the effector mixedlineage kinase domain-like protein (MLKL) and, thereby, the release of cytoplasmic components, which serve as alarmins. Unlike trauma-induced necrosis, which does not involve cell signaling, necroptosis can be blocked with chemical inhibitors of RIP1 (i.e., necrostatin-5), RIP3 (i.e., GSK'872), and MLKL (i.e., necrosulfonamide). Necroptosis is distinct from intrinsic apoptosis and extrinsic apoptosis, which are caspase dependent and immunologically quiescent (18) (19) (20) . Pertinent to this study, pore-forming toxins, such as pneumolysin, have been shown to induce alveolar macrophage necroptosis (30) . What is more, ischemia-triggered necroptosis is thought to promote adverse cardiac remodeling following an infarct (22) .
Here, we provide conclusive evidence that pneumococci that invade the myocardium play an integral role in the cardiac damage observed during IPD, that pneumolysin modifies the host response to pneumococci that invade the myocardium by killing infiltrated macrophages via necroptosis, and that cardiac pathology is strain dependent but not strictly pneumolysin dependent. This study advances our understanding of the host-pathogen interactions that occur in the heart during IPD.
MATERIALS AND METHODS
Ethics statement. All mouse experiments were reviewed and approved by the Institutional Animal Care and Use Committees at The University of Texas Health Science Center at San Antonio (UTHSCSA; protocol number 13032-34-01C). Animal care and experimental protocols adhered to Public Law 89-544 (Animal Welfare Act) and its amendments, Public Health Service guidelines, and the Guide for the Care and Use of Laboratory Animals (23) .
Bacterial strains. S. pneumoniae serotype 4 strain TIGR4 (15) and serotype 2 strain D39 (16) have been sequenced. Isogenic mutants deficient in ply and pspA were created by insertion of an erythromycin resistance cassette, ermB, using allelic exchange, as previously described, and grown in medium supplemented with 1 g/ml of erythromycin (24, 25) . Pneumococci were grown on blood agar plates or in Todd-Hewitt broth containing 0.5% yeast extract at 37°C in 5% CO 2 . For infections, cultures were grown to an optical density at 620 nm of 0.5 (mid-log phase) and serially diluted in sterile phosphate-buffered saline (PBS).
Mouse infections. All mice used in the study were 6-week-old female BALB/c mice unless stated otherwise. The mice were challenged by intraperitoneal (i.p.) injection of 10 3 CFU of S. pneumoniae suspended in 100 l sterile PBS using a 27-gauge needle. Intratracheally challenged mice were anesthetized and inoculated by forced aspiration of 10 5 CFU in 100 l PBS (21) . The mice were euthanized at a predetermined time point or if they were deemed moribund. Euthanasia was performed by CO 2 asphyxiation using compressed gas; death was confirmed by the presence of pneumothorax during the collection of hearts. Where indicated, mice received 10 g necrostatin-5 (catalog number N0164; Sigma, St. Louis, MO) dissolved in dimethyl sulfoxide (DMSO) and diluted with PBS or an equivalent amount of DMSO in PBS to a total of 100 l by i.p. injection every 6 h and sacrificed at 24 h postinfection (hpi).
Assessment of bacterial burden in blood and troponin in serum. The bacterial burden in the blood of infected mice was determined by serial dilution and plating on blood agar plates and extrapolation from colony counts following overnight incubation. Peripheral blood was collected from anesthetized mice by use of a retro-orbital bleed prior to euthanasia. Clotted blood was then centrifuged at 16,000 ϫ g for 10 min, and the collected serum was stored in single-use 100-l aliquots at Ϫ80°C. The serum levels of cardiac troponin-I in mice infected as described above were measured by enzyme-linked immunosorbent assay (ELISA) (Life Diagnostics, West Chester, PA).
Tissue staining. Hearts collected from the mice were placed in cassettes for embedment in paraffin or processing of frozen tissue using the optimal cutting temperature compound OCT (Tissue-Tek). Paraffin-embedded sections were sliced to a thickness of 4 m and stained with hematoxylin and eosin (H&E); frozen sections were sliced to a thickness of 7 m and used for immunofluorescence microscopy (IFM). Before staining, frozen sections were fixed with 10% neutral buffered formalin for 10 min, washed twice for 5 min each time with sterile PBS, permeabilized using 0.2% Triton X-100 in PBS for 15 min, and then washed twice for 5 min each time with sterile PBS. The sections were then blocked with PBS containing 5% serum from the species which produced the secondary antibody and 3% bovine serum albumin for 1 h at room temperature. The primary antibodies used in this study included the following: serotype 4 and serotype 2 capsular polysaccharide (CPS) antibodies (catalog numbers 16747 and 16725, respectively; Staten's Serum Institut, Copenhagen, Denmark); anti-Ply (catalog number 71811), CD11b (catalog number 133357), CD3 (catalog number 5690), and phosphorylated MLKL (p-MLKL; catalog number 196436) (all from Abcam, Cambridge, United Kingdom); CD11b (catalog number 550282), Ly6G (catalog number 551459), and CD19 (catalog number 553784) (all from BD Pharmingen); anti-F4/80 (catalog number 25830), anti-arginase I, and anti-arginase II (all from Santa Cruz, Dallas, TX); and anti-RIP3 (catalog number 45842; Novus Biologicals, Littleton, CO). Primary antibodies were diluted 1:1,000 in blocking solution and incubated with tissue sections overnight at 4°C. Following incubation with primary antibody, the samples were washed twice for 30 min each time with 0.2% Triton X-100 in PBS at room temperature and once with PBS for 30 min at room temperature. The sections were then incubated with the respective secondary antibody in blocking solution for 1 h at room temperature: goat anti-rabbit immunoglobulin conjugated with fluorescein isothiocyanate, goat antimouse immunoglobulin conjugated with rhodamine, or goat anti-rat immunoglobulin conjugated with Alexa Fluor 647 (all from Jackson ImmunoResearch, West Grove, PA) or donkey anti-rabbit immunoglobulin conjugated with rhodamine (EMD Millipore, Temecula, CA). The sections were then washed twice for 30 min each time with PBS. A single drop of DAPI (4=,6-diamidino-2-phenylindole; Molecular Probes) was placed on the section and allowed to sit for 1 min before being removed; the sections were then washed with PBS. FluorSave (Calbiochem, San Diego, CA) was then added, and the sections were covered with a slide cover.
Microscopy and analysis. H&E-stained images were captured using a Zeiss AxioXam MRm Rev3 and/or MRc camera attached to a Zeiss AxioImager Z1 epifluorescence microscope (Carl Zeiss, Thornwood, NY). Immunofluorescent images were taken at the UTHSCSA microscopy core using a Zeiss LSM 710 confocal microscope with an EC Plan-Neofluar objective (40ϫ oil immersion lens; numerical aperture, 1.3). Transmission electron microscopy images were obtained at the UTHSCSA electron microscopy core using a JEOL JEM1230 transmission electron microscope (Peabody, MA). IFM images of lesions were taken as z-stacks and compressed with the average intensity per slice using ImageJ software. For size and area analyses, lesions were imaged at a magnification of ϫ20 with a Zeiss AxioImager Z1 epifluorescence microscope and measured using ImageJ software.
ELISAs. Hearts were perfused with PBS, cut into fourths, washed twice with 1 ml sterile PBS, and homogenized in a protease (catalog number P2714; Sigma) and phosphatase (catalog number 78428; Thermo Scientific, Rockford, IL) inhibitor cocktail diluted in distilled water. Homogenates were centrifuged at 300 ϫ g for 10 min to remove the tissue debris; the supernatant was then removed with a pipette and centrifuged at 1,000 ϫ g for 5 min to remove the remaining debris. The supernatant homogenate was then frozen in single-use 100-l aliquots at Ϫ80°C. Heart homogenates were assayed for interleukin-1␤ (IL-1␤), tumor necrosis factor alpha (TNF-␣), and IL-6 (all from BD Biosciences, San Diego, CA); keratinocyte-derived chemokine (KC), macrophage inflammatory protein 2 (MIP-2), and vascular endothelial growth factor (VEGF) (all from R&D Systems, Minneapolis, MN); and granulocyte-macrophage colony-stimulating factor (BioLegend, San Diego, CA) according to the manufacturers' specifications.
Statistical analyses. For multiple-group analyses, we used a nonparametric analysis of variance (ANOVA; the Kruskal-Wallis test) with Dunn's post hoc analysis; grouped analyses were performed using a twoway ANOVA. For nonparametric data sets, we used a Mann-Whitney rank sum test. These statistical analyses were performed using Prism (version 5) software (GraphPad Software, La Jolla, CA). Chi-square values were calculated using the Social Science Statistics website.
RESULTS
Pneumococci invade and replicate within the heart, causing strain-dependent pathology. In mice challenged with TIGR4, a serotype 4 isolate, individual diplococci and short chains could be detected within the myocardium as early as 12 hpi (Fig. 1A) . Detection was performed using IFM with specific antibody against type 4 capsular polysaccharide (CPS) (see Fig. S1A in the supplemental material). At this time point, mice showed no overt signs of infection yet had bacterial titers in the blood that reached 10 6 CFU/ml ( Fig. 2A) . By 18 hpi, small clusters of pneumococci could be detected within cardiac sections (Fig. 1A) , suggesting that the pneumococci that had invaded the myocardium had begun to replicate. At 18 hpi, the bacterial titers in the blood had diminished to 10 5 CFU/ml and remained relatively constant thereafter ( Fig. 2A) . Defined microlesions in H&E-stained heart sections, as first described by our group, could be observed only beginning at 24 hpi. In all, discrete microlesions of pneumococci within the heart increased in number and size through 42 hpi ( Fig. 1 and 2B ; Table 1 ). Importantly, the number of individual/small clusters of pneumococci (Յ100 m 2 ) that could be detected only by IFM also increased with time, and individual/small clusters were the predominant assemblage of pneumococci present within the heart at all time points ( Fig. 2C ; Table 1 ). This suggests that cardiac invasion from the bloodstream was continuous. Furthermore, 23 to 60% of the intermediately sized microlesions (i.e., those ranging from 101 to 100,000 m 2 ) caused by TIGR4 were found to be associated with a focus of nucleated cells at their periphery ( Fig. 1A ; Table 1 ). These were not detected in our initial report on cardiac microlesions. Foci of nucleated cells were absent in areas of the myocardium where individual pneumococci or very small clusters (Յ100 m 2 ) were detected, nor were they associated with the largest microlesions (Ն100,001 m 2 ) ( Table 1) . Finally, we also confirmed that sustained bacteremia was necessary for TIGR4 cardiac microlesion development. Mice challenged with a mutant lacking pneumococcal surface protein A (PspA), which inhibits complement deposition (26, 27) , never developed bacteremia and had only transient signs of cardiac invasion (Table 1; Whereas TIGR4 readily formed defined cardiac microlesions, D39, the serotype 2 strain used by Alhamdi et al. (14), did not; only 4 microlesions were detected in all H&E-stained cardiac sections from 8 mice examined at 24 hpi (Ն5 sections per mouse; Fig. 3A) . However, hearts from D39-infected mice showed considerable damage and had multiple focal points of cardiomyocytes undergoing hydropic degeneration with leukocyte infiltration (Fig. 3B) . Although no pneumococci could be seen within these foci in H&E-stained sections, D39 was readily detected at the same site when serial tissue sections were stained for type 2 capsular polysaccharide (Fig. 3B) . IFM also revealed considerable numbers of individual D39 pneumococci scattered throughout the myocardium (Fig. 3C) . Thus, both TIGR4 and D39 were capable of myocardial invasion. We conclude that invasion of the myocardium by pneumococci requires sustained bacteremia and occurs in a continuous fashion during infection, replication within the heart precedes visual microlesion formation in H&E-stained slides, and different strains of S. pneumoniae cause distinct cardiac pathologies.
The pneumolysin contribution to cardiac damage is strain dependent. Given the differences in pathology between TIGR4-and D39-infected hearts, we examined the contribution of pneumolysin to the tissue damage caused by these strains. At 42 hpi, mice infected with either TIGR4 or TIGR4 ⌬ply had elevated levels of cardiac troponin-I, a marker of cardiac damage, in their serum compared to the levels in the serum of mock-infected mice (Fig.  4A) . No significant differences in troponin-I levels between mice infected with the wild-type strain and mice infected with the mutant strain were observed at 18 and 42 hpi, and the bacterial burdens in mice infected with these strains were equivalent (Fig. 4B) . In contrast, cardiac damage in D39-infected mice seemed to be exquisitely pneumolysin dependent (Fig. 4C) . Of note, D39-infected mice had a mean bacterial burden of Ͼ10 9 CFU/ml blood and were deemed to be moribund at 24 hpi (Fig. 4D) , hence the absence of data for troponin-I levels in D39-infected mice at 42 The results are averages for 5 nonadjacent sections per heart. (C) Enumeration (natural log) of pneumococcal replication points within heart sections determined by IFM. Black horizontal bars, average value for the cohort. *, P Յ 0.05; **, P Յ 0.01; ***, P Յ 0.001. hpi, yet D39 ⌬ply-infected mice had sustained bacteremia at a level of ϳ10 6 CFU/ml blood (Fig. 4D) , a level comparable to that in mice infected with TIGR4. Collectively, these results show that D39 requires pneumolysin for cardiac damage, yet the role of pneumolysin remains unclear for TIGR4.
Pneumolysin mediates immune cell clearance within cardiac microlesions. Strikingly, TIGR4 microlesions that were associated with nucleated cells stained weakly for pneumolysin, whereas those devoid of nucleated cells had detectable levels of the toxin when tissue sections were tested by IFM (Fig. 5A ). Quantitative analysis of the mean fluorescence intensity confirmed that pneumolysin levels were lower in microlesions associated with foci of nucleated cells than in microlesions not associated with foci of nucleated cells (Fig. 5B) . Subsequently, tissue sections from mice challenged with TIGR4 ⌬ply were examined microscopically. Almost all microlesions (i.e., those of Ͼ100 m 2 ) formed by TIGR4 ⌬ply beyond 18 hpi were filled with nucleated cells ( Fig. 5C and D ; Table 1 ). As indicated above, at 42 hpi the levels of serum troponin-I in mice challenged with TIGR4 ⌬ply were also increased and were not statistically significantly different from those in mice challenged with TIGR4 (Fig. 4A) , indicating that cardiac damage was incurred despite the recruitment of these cells.
To identify the cell type(s) being recruited to the heart and possibly cleared by pneumolysin, we performed IFM on heart sections containing early TIGR4 microlesions and those from TIGR4 ⌬ply-infected mice. CD11b ϩ cells that were Ly6G positive (Ly6G ϩ ) were detected throughout the lesion, confirming the presence of neutrophils. Additionally, we observed CD11b ϩ and F4/80 ϩ cells predominantly at the periphery of microlesions, indicating the presence of macrophages (Fig. 6 ) (28). We also tested for the presence of enzymatic markers indicative of myeloid suppressor cells, arginase I and arginase II (29) , but detected neither. Together these results indicate that cells in purulent microlesions collected early from TIGR4-and TIGR4 ⌬ply-infected mice were effector macrophages and neutrophils. Infiltrated macrophages die as a result of necroptosis. Recent publications by us (30) and Kitur et al. (31) indicate that poreforming toxins trigger alveolar macrophage necroptosis and this results in their depletion from the bacterium-infected airway. Given these results, we hypothesized that the absence of immune cells within the larger established cardiac microlesions may be due in part to pneumolysin-induced necroptosis. Along such lines, we detected the active forms of RIP3 and MLKL, which are a necroptosis activator and effector, respectively (32) (33) (34) , on the periphery of early immune cell-associated microlesions formed by TIGR4 (Fig. 7A ). These were absent in microlesions formed by TIGR4 ⌬ply (Fig. 7B) . These positive signals overlapped with those for CD11b ϩ myeloid cells (Fig. 7A) . To quantitate this, we counted 49 lesions in heart sections obtained from 10 TIGR4-infected mice at between 30 and 42 hpi and found that 74% (36/49) had positive signals for p-MLKL and RIP3 kinase, whereas only 7% (2/28) of lesions in heart sections from mice challenged with TIGR4 ⌬ply showed positive signals (P Ͻ 0.01, chi-square analysis). Importantly, early lesions formed by TIGR4 also showed the colocalization of p-MLKL with the macrophage marker F4/80 (Fig. 7C) . This was not observed for Ly6G ϩ cells (data not shown). Further implicating necroptosis as a key event, mice treated with a necroptosis inhibitor every 6 h following challenge with TIGR4 had normal numbers of cardiac microlesions (see Fig. S2A in the supplemental material); however, the majority of these either had become fully purulent or had immune cells located at their periphery ( Fig. 7D ; see also Fig. S2B in the supplemental material). We further tested this in vitro by exposing human THP-1 macrophages either to wild-type TIGR4 (Fig. 7E) or to recombinant pneumolysin (Fig. 7F ). Macrophages pretreated with RIP1, RIP3, or MLKL inhibitors were protected against killing, while those pretreated with the pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-(O-methyl)-fluoromethyl ketone (Z-VAD FMK) were not. These data support our in vivo findings suggesting that infiltrated macrophages die by necroptosis and that this impacts the accumulation of immune cells within the microlesion.
Pneumolysin elicits a cytokine and chemokine response from the heart. Finally, we performed ELISA on homogenates of heart tissue from wild-type TIGR4-and TIGR4 ⌬ply-challenged mice (Fig. 8) . At 42 hpi, we observed increased levels of IL-6 and the chemokine KC but not MIP-2 in hearts from TIGR4-infected mice. In contrast, we observed a weak trend toward increased levels of IL-1␤ and TNF-␣ in hearts from mice infected with TIGR4 ⌬ply. These findings indicate that pneumococci that invade the myocardium elicit an immune response that is modulated by pneumolysin. What is more, the lack of immune cell infiltration in mature TIGR4 microlesions is not due to an inability of cardiomyocytes to produce chemokines.
DISCUSSION
Adverse cardiac events during and after CAP are the result of multiple converging events that occur within the vasculature and heart. Activation of both the coagulation cascade and immune cells in blood vessels contributes to the instability or rupture of atherosclerotic lesions in the coronary arteries, which can lead to myocardial infarction (4, 35) . Unintended effects of antimicrobials and poor oxygenation status at a time of increased myocardial demand have been shown to contribute to cardiac complications (36, 37) . Ligation of cardiomyocyte Toll-like receptors (TLRs) with pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) in the circulation results in NF-B-dependent decreases in contractility (10, 38) . Along such lines, proinflammatory cytokines in the blood, such as TNF-␣, which are produced in response to infection, have also been shown to be cardiosuppressive (40) . When these events occur during pneumonia, they can exacerbate preexisting cardiac conditions or lead to new heart failure, arrhythmia, or infarct. The likelihood of death during pneumonia is substantially greater for patients in whom this occurs than for patients with pneumonia alone.
Only recently has evidence emerged showing that bacteria can enter and directly damage the heart during severe pneumonia and subsequent bacteremia. This concept is most advanced for S. pneumoniae, where it has been shown that ligation of the platelet-activating factor receptor on cardiomyocytes by cell wall phosphorylcholine has cardiac-suppressive effects (13) . Moreover, our initial Asterisks denote statistically significant differences (*, P Յ 0.05; **, P Յ 0.01; ***, P Յ 0.001; ns, not significant).
report (11) , along with the work of Alhamdi et al. (14) , showed that pneumolysin is capable of killing cardiomyocytes. Alhamdi et al. also elegantly showed that sublethal concentrations of pneumolysin impaired contractility due to uncontrolled calcium influx through pneumolysin-formed membrane pores (14) . However, the findings as to whether S. pneumoniae invades the myocardium described in the work of Alhamdi et al. (14) and those described in our own original report (11) were disparate. In this study, we demonstrate that cardiac invasion by the diverse strains tested, including strain D39, used by Alhamdi et al. (14) , does occur, thereby suggesting that other pneumococci are also capable of cardiac invasion.
We attribute the discrepancy between our findings and those of Alhamdi et al. (14) to be principally due to the increased sensitivity of IFM in regard to the detection of pneumococci and the strainspecific differences in virulence and pathology for TIGR4 and D39. As shown herein, D39 rarely formed the discrete microlesions first described by our group when we used TIGR4. Instead, it caused foci of cardiac damage and immune cell infiltration, where bacteria were not readily visible in H&E-stained sections. Which pathology, that caused by TIGR4 or that caused by D39, in mice is most representative of the condition in humans remains unknown and requires further investigation. It is also important to consider that humans are more susceptible to pneumolysin than mice (41) . If the pneumolysin-dependent pathology caused by D39 is most representative of the condition in humans, then the obscuring nature of immune cells located in areas of cardiomyocyte hydropic degeneration helps to explain why the discovery of invading pneumococci in human myocardial samples did not occur until recently. Our results do not exclude the possibility that circulating pneumolysin in the bloodstream is a meaningful cause of cardiac damage, as suggested by Alhamdi et al. (14) ; however, the presence of D39 in areas of the heart where cardiac damage was most evident does suggest that pneumococci that invade the myocardium are themselves a principle mediator of cardiac damage. Highlighting this point as well as the considerable differences between the tested strains, a TIGR4 mutant lacking pneumolysin was able to cause cardiac damage, as determined by measurement of the serum levels of troponin-I and pathological examination of hearts. This demonstrates that, depending on the invading strain, factors other than pneumolysin may contribute to cardiac damage. Some obvious candidates would be the hydrogen peroxide produced by the pneumococcal pyruvate oxidase (17) , as well as secreted enzymes that target host molecules, such as metalloproteases (42) . Strain-specific differences in the presence of such virulence determinants or in their level of expression within the heart are also a reasonable explanation for the observed differences in pathology. Along such lines, we speculate that the reason that smaller lesions contain immune cells is that pneumolysin must accumulate and this occurs as pneumococci replicate and the microlesion grows.
We did not observe neutrophils that underwent pneumolysininduced necroptosis. These cells may have susceptibility to cholesterol-dependent cytolysins different from macrophages (43) . Regardless, the reason for their eventual clearance remains unknown. It is possible that other factors produced by the pneumococcus kill these cells or, alternatively, that neutrophils are selfdepleted following netosis (44) . Death by necroptosis is highly proinflammatory due to the release of alarmins from cells (45) , yet during TIGR4 infection, necroptosis of macrophages and the cytokines and chemokines produced within the infected heart were not sufficient to trigger a continuous wave of immune cell infiltration into microlesions. We speculate that this is because TIGR4-infected animals experience severe systemic disease and the chemokine gradients arising from other organs may be stronger than those arising from the heart. It is of note that the production of pneumolysin by pneumococci that invaded the myocardium potentiated only the KC and IL-6 responses within infected hearts. This suggests that other ligands produced by the pneumococcus, such as the TLR1/2 ligand cell lipoteichoic acid (46) , or the direct cardiac injury caused by pneumococci that invade the myocardium is sufficient to instigate an equivalent response consisting of the production of the other cytokines and chemokines measured (i.e., IL-1␤, TNF-␣, and MIP-2).
Following severe ischemia, cardiomyocytes die as a result of necroptosis. Luedde et al. have demonstrated that this contributes to the adverse cardiac remodeling that can occur following an infarct (22) . Of note, mice deficient in RIP3 showed a better ejection fraction and less hypertrophy in the 30 days after experimental infarction by coronary artery ligation (22) . In the study described in our first report that described cardiac microlesions, we observed that cardiac microlesions became foci of extensive collagen remodeling in antimicrobial-rescued mice that had been infected with TIGR4 (11) . As such, macrophage necroptosis and perhaps even cardiomyocyte necroptosis may contribute to the remodeling that is observed following invasive pneumococcal disease. Whether the neutralization of pneumolysin or the blocking of necroptosis during infection is beneficial remains unknown. Microlesions continued to form and grew in size both in mice infected with TIGR4 ⌬ply and in TIGR4-infected necrostatin-5-treated mice, yet for mice infected with D39, these treatments would presumably confer cardiac protection, since pneumolysin is requisite for cardiac damage. Determination of whether cardiac scarring occurs and whether changes in the extent of remodeling occur in mice treated with antibodies against pneumolysin or necrostatin-5 is important to elucidate the potential of these interventions to prevent adverse cardiac events during convalescence.
In summary, this report provides direct evidence that pneumococci invade the myocardium during IPD. Depending on the infecting strain, this can result in a distinct pathology. Here, in mice infected with the laboratory strains TIGR4 and D39, we observed highly discrete cardiac microlesions filled with pneumococci or areas where bacteria were not readily visible until they were detected by IFM, but cardiac damage in the form of hydropic degeneration and immune cell infiltration, respectively, occurred. We demonstrate that the requirement for pneumolysin in cardiac damage is strain dependent but that pneumolysin modulates the host response. It does this both by killing infiltrated macrophages via necroptosis and by potentiating the cytokine and chemokine response during infection. These findings support the notion that cardiac invasion is a means by which the pneumococci directly deliver cardiotoxic products to cardiomyocytes and these products contribute to the development of adverse cardiac events during or after CAP.
